Abstract Osteopontin (OPN) is a secreted glycosylated phosphoprotein that influences cell survival, inflammation, migration, and homeostasis after injury. As the role of OPN in the retina remains unclear, this study issue was addressed by aiming to study how the absence of OPN in knock-out mice affects the retina and the influence of age on these effects. The study focused on retinal ganglion cells (RGCs) and glial cells (astrocytes, Müller cells, and resident microglia) in 3-and 20-month-old mice. The number of RGCs in the retina was quantified and the area occupied by astrocytes was measured. In addition, the morphology of Müller cells and microglia was examined in retinal sections. The deficiency in OPN reduces RGC density by 25.09% at 3 months of age and by 60.37% at 20 months of age. The astrocyte area was also reduced by 51.01% in 3-month-old mice and by 57.84% at 20 months of age, although Müller glia and microglia did not seem to be affected by the lack of OPN. This study demonstrates the influence of OPN on astrocytes and RGCs, whereby the absence of OPN in the retina diminishes the area occupied by astrocytes and produces a secondary reduction in the number of RGCs. Accordingly, OPN could be a target to develop therapies to combat neurodegenerative diseases and astrocytes may represent a key mediator of such effects.
Introduction
Osteopontin (OPN) is a secreted glycosylated phosphoprotein encoded by the spp1 gene [1, 2] that has an arginine-glycineaspartic acid cell-binding sequence [3, 4] . OPN is a cytokine that binds to integrins and CD44 variants on the cell surface [5] , integrins fulfilling many different functions in cells that influence: cell survival and apoptosis, inflammation, microcalcification, cell attachment and migration, intracellular signaling, chemotaxis [6, 7] , the maintenance of homeostasis after an injury [8] , and the modulation of neuronal regeneration following injury [7] . OPN can be found in the nervous system, in the developing and adult rodent brain, and neurons in the olfactory bulb, retina, striatum, and brainstem-produced OPN [9] [10] [11] . Moreover, while OPN may be only weakly expressed under physiological conditions, it may augment during inflammation and in neurodegenerative diseases [1, 2, 7, 12] .
In the retina, OPN is expressed by retinal ganglion cells (RGCs) [13] , the neurons that relay visual signals to the brain [14] . RGCs are also the retinal cells most vulnerable to ischemic and excitotoxic insults [15] , which upregulate OPN expression [13] to possibly afford protection against death, as occurs in experimental glaucoma [16, 17] . The retinal glia, astrocytes, microglia, and Müller cells maintain homeostasis within the retina, where they provide structural support and influence metabolism, phagocytosis of neuronal debris, immune responses, and other activities [18] . Reactive astrocytes express OPN following different types of brain insult [19] [20] [21] , and it has also been associated with the microglia that fulfill macrophagic functions [18] . As occurs in astrocytes, OPN is upregulated in activated microglia after CNS damage [22] [23] [24] [25] [26] [27] , suggesting that it may play a key role in the pathogenesis of neuroinflammation [20] . OPN binds to the integrin αvβ3 receptor, which means it may act as a chemoattractant in recruiting astrocytes and microglia during the formation of the glial scar following ischemic injury [20, 23, 24, 28, 29] . Indeed, OPN may be involved in glial activation, cell repair, glial and macrophage migration, and matrix remodeling by reactive astrocytes [20, 24, 28, 29] . On this basis, the effect of OPN on retinal astrocytes and microglia is worthy of study. Moreover, OPN is found in the secretome of Müller cells [30, 31] , and as a result, their morphology has been studied to understand how OPN affects these retinal glial cells.
Aging is the main risk factor for neurodegenerative diseases and OPN has age-dependent neuroprotective effects [32] . Several modifications occurs in the normal retina with aging, which include RGC loss, stronger GFAP (glial fibrillary acidic protein) expression by astrocytes, an increase in cytoplasmic organelles [33] [34] [35] , and the acquisition of an activated phenotype by microglial cells [36] . Thus, it is important to compare how the absence of OPN affects the retina in young (3-month-old) and old (20-month-old) mice.
The aim of this study was to investigate the effect of OPN deficiency in the retina using an OPN knock-out mouse, focusing on RGCs, astrocytes, microglia, and Müller cells. In addition, as the influencing of aging on OPN function is unclear, the effects of this deficiency were studied in animals of different ages.
Materials and Methods

Animals
Female knock-out (B6.129S6(Cg)-Spp1 tm1Blh /J) and C57BL/ 6J mice aged 3 months (n = 3 wild type and n = 3 knock-out) and 20 months old (n = 4 wild type and n = 4 knock-out) were used in these experiments (The Jackson Laboratory, Bar Harbor, ME, USA). The animals had free access to food and water, and they were kept at a constant temperature of 21°C on a 12 h light-dark cycle. All procedures were carried out in adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tissue Collection
Animals were sacrificed by cervical dislocation and their eyes were enucleated. The cornea, crystalline lens, and the vitreous were removed, and the retina was carefully extracted. The retina was immediately fixed for 5 h in 4% paraformaldehyde (PFA) prepared in 0.1-M phosphate buffer (pH 7.4) and then extended on filter paper (Millipore, Madrid, Spain). To obtain sections, the eyes were extracted and immediately fixed overnight in 4% PFA. They were then cryoprotected for 24 h in 30% sucrose in 0.1-M phosphate buffer at 4°C and embedded in OCT (optimal cutting temperature) medium. Cryosections (14-μm thick) were obtained and stored at − 20°C.
Immunochemistry
Whole mount retinas were immunostained as described previously [37] , with some minor modifications. The flat fixed retinas were washed in phosphate-buffered saline (PBS, pH 7.4), and they were blocked by incubating them overnight with shaking at 4°C in a solution of PBS-TX-100-BSA (0.25% Triton-X 100 and 1% bovine serum albumin in PBS). The retinas were then incubated for 1 day at 4°C with the primary antibodies diluted in PBS-TX-100-BSA: an anti-RBPMS (RNA-binding protein with multiple splicing) guinea pig antibody (1:4000 PhosphoSolutions, Aurora, USA) to detect RGCs; and an anti-GFAP mouse antibody (1:1000 Sigma, Steinheim, Germany) to detect astrocytes. Subsequently, the retinas were washed three times in PBS for 15 min and antibody binding was detected over 5 h at room temperature with shaking using secondary antibodies diluted 1:1000 in PBS-BSA (1%): an Alexa Fluor 555 conjugated goat anti-guinea pig antibody (Invitrogen, Eugene, OR, USA) and an Alexa Fluor 488 conjugated goat anti-mouse antibody (Invitrogen). Finally, the retinas were washed three times for 10 min in PBS, flat mounted onto slides in PBS:glycerol (1:1), and coverslipped.
Microglia and Müller cells were immunostained in cryostat sections of the eye, as described previously [38] . The sections were washed twice with PBS-TX-100 for 10 min, and they were then incubated overnight with a primary rabbit anti-Iba1 antibody (1:2000; Wako, Osaka, Japan) to detect microglia and a rabbit antibody against glutamine synthetase (1:10,000; Abcam, Cambridge, UK) to detect Müller cells. The RGCs were also labeled with the anti-RBPMS guinea pig antibody. After two washes with PBS, antibody binding was detected for 1 h with Alexa Fluor 555 or 488 goat antirabbit or anti-guinea pig secondary antibodies (Invitrogen) diluted 1:1000 in PBS-BSA (1%). The sections were washed twice with PBS for 10 min and mounted with a coverslip with PBS:glycerol (1:1).
Image Capture
Images were acquired with a digital camera (Zeiss Axiocam MRM, Zeiss, Jena, Germany) coupled to an epifluorescence microscope (Zeiss) using the Zen software (Zeiss). For whole-mount retinas, a mosaic of the entire retina was generated using the 555 and 488 filters with a ×10 objective. The area of the mosaic was defined in overlapping micrographs of a defined area of the retina obtained automatically, and once the mosaic was defined, the contour of the retina was measured and the retinal surface area was calculated.
RGC Quantification
The number of RGCs was counted semi-automatically using Zen software (Zeiss) and the RGC density (mean ± standard error) was compared between the wild type and OPN knockout retinas using a Student's T test. In addition, a MannWhitney U test was used to verify the differences between groups. These statistical analyses were carried out using IBM SPSS Statistics software v. 21.0. For both tests, the minimum value of significant differences was defined as p < 0.05.
Astrocyte Morphology
The morphology of astrocytes was analyzed using the ImageJ image processing and analysis software developed at the National Institutes of Health (NIH, version 1.49). The region formed by the colored pixels (labeled with the antibody against GFAP) was selected using the Bthreshold color^tool, and the surface area of the selected astrocytes was measured. We calculated the proportion of the retinal surface occupied by astrocytes and we compared this in the most central part of the retina (1-mm diameter) of control and OPN knock-out mice, taking the optic nerve as the center yet disregarding this structure. At the optic nerve, the morphology of the astrocyte's branches impedes their quantification due to their complexity.
Statistical analyses were again carried out using IBM SPSS Statistics software v. 21.0. The average of the percentages and the standard errors were calculated and compared for the wild type and OPN knock-out retinas using a Student T test, and it was supplemented with Mann-Whitney U test to verify the differences between the groups. The minimum value for significant differences for both tests was defined as p < 0.05.
Results
The RGCs and astrocytes in the retina of 3-and 20-month-old wild type and OPN knock-out mice were analyzed by labeling them with an antibody against RBPMS or GFAP, respectively (Fig. 1 ). There were some regions in the retina of the OPN knock-out mice where the cell density was very low, particularly in the peripheral areas, 2.5 mm from the optic nerve. In these regions, the low density of RGCs and astrocytes was further exaggerated with age.
The number of RGCs labeled with RBPMS in the entire retina and the area of each retina was evaluated and their density calculated (RGCs/mm 2 ). In 3-month-old wild type mice, the average RGC density (2607. 15 ). Thus, the OPN deficiency triggered a mean reduction in RGC density of 25.09% at 3 months of age (p < 0.001), which was further reduced to 60.37% at 20 months of age (p < 0.001, Fig. 2 ).
In the retinas of wild type mice, astrocytes form a network that covers the whole surface of the retina, surrounding the vessels, and they are connected through their stellar morphology. By contrast, OPN knock-out mice seem to have fewer astrocytes and there are larger gaps between them, with less linear extensions than in the controls. The smaller number of astrocytes, with shorter branches and fewer processes, was suggestive of astroglial atrophy. This effect is more severe in 20-month-old mice than in 3-month-old mice, with larger areas lacking astrocytes and some cells that have lost their stellate morphology (Fig. 1e-h ). It is important to note that there are more areas without astrocytes and a lower density of RGCs in the peripheral regions of the retina in OPN knock-out mice ( Fig. 1d and h ), relative to the regions closer to the optic nerve ( Fig. 1b and f) . These differences were found in both 3-month-old and 20-month-old mice.
When the area occupied by astrocytes was quantified, the average area occupied by astrocytes in 3-month-old wild type mice (33.05% ± 0.95) was greater than in the OPN knock-out mice (16.19% ± 3.47) . Thus, the absence of OPN induces a 51.01% reduction in astrocyte density (p < 0.01). In 20-month-old mice, the proportion of the wild type retina occupied by astrocytes (21.67% ± 1.02) was still 57.84% higher than in the OPN knock-out mice (9.14% ± 1.95), confirming that the absence of OPN reduces the astrocyte density in the retina (p < 0.01, Fig. 3) . Furthermore, the number of RGCs and the area covered by astrocytes in the 3-month-old OPN knock-out mice was very similar to the same parameters in the 20-month-old wild type mice, with no significant differences between these two ages.
Interestingly, no signs of microglia activation were detected in the OPN knock-out retinas at 3 or 20 months of age (Fig.  4) . The morphology of the microglia is similar in the presence and absence of OPN, and these cells do not seem to adopt an amoeboid aspect and they do not undergo morphological changes, such as a thickening and retraction of branches. Moreover, microglial cells are located at the inner part of the retina in all cases, meaning that they are not active as migration to the subretinal space is a sign of activation.
Finally, we did not detect differences between the Müller cell structure in wild type and OPN knock-out mice at 3 and 20 months of age (Fig. 5) . In both cases, the Müller cells, labeled by the antibody against glutamine synthetase, cross the retina in a radial orientation and their processes surrounded the cell bodies of retinal neurons. Although the morphology of the retina may be altered in 20-month-old mice, the Müller cells continue to surround the soma of the RGCs (See Fig. 5 ) and the photoreceptors (ONL in Fig. 5 ).
Discussion
Since OPN is involved in many important homeostatic processes [6] [7] [8] , the OPN knock-out mouse model offers the possibility of studying how OPN affects the retina. In aging, the expression of OPN in the CNS gradually decreases [32] , whereas OPN expression is induced or upregulated in response to damage [20, 23, 29, 39] . This induction of OPN expression is evident in glial cells like astrocytes and microglia [20, 23, 39] , and the absence of OPN could alter nervous tissue. In the retina of OPN knock-out mice, the RGC density is reduced, as is the surface occupied by astrocytes.
The spinal cord of these OPN-deficient mice has a percentage of white matter significantly different to that of wild type mice [12] , and the mechanical withdrawal threshold increases significantly in OPN knock-out mice [4] . In addition, when the nervous system of these mutant mice is injured, it suffers more damage due to the lack of OPN [6, 12, 40, 41] . The decrease in the number of RGCs in the OPN knock-out mice may reflect the more limited neuroprotection in these animals f, g, h) . The retinas were labeled with an antibody against GFAP (green) to identify astrocytes and an antibody against RBPMS (red) to label RGCs. The pictures were taken at a distance of 1 (a, b, e, f) and 2.5 mm (c, d, g, h) from the optic nerve. Scale bar = 100 μm [42] . OPN has positive effects on survival, proliferation, migration, and neural stem cell differentiation [43] , and nasal administration of OPN decreases neuronal cell death and brain edema after insult [44] . In the retina, the neuroprotective effect of OPN has been demonstrated in porcine photoreceptor cells, significantly reducing the proportion of apoptotic cells [30] . Moreover, the neuroprotective effect of OPN has been seen in RGCs after ischemic-like damage [13] , and it can stimulate axon growth in RGCs [45] . Conversely, OPN is also significantly correlated with the progressive degree of optic nerve degeneration and RGC loss in a mouse glaucoma model. In fact, OPN treatment inhibited cell degeneration within the ganglion cell layer in cultured glaucomatous eyes [16] . Thus, not all RGCs appear to have the same needs, and some RGCs can survive for almost the entire life of the OPN knockout mice. However, at least one subpopulation of RGCs Fig. 3 Astrocyte analysis. Measurement of the area occupied by the astrocytes labeled with an antibody against GFAP (green). The area defined by the yellow line was measured automatically. The astrocytes were compared between wild type (a) and OPN knock-out (b) mice. Astrocyte density was measured as the area occupied by astrocytes, and it was represented graphically in wild type (blue) and OPN knock-out (red) mice at 3 and 20 months of age (c). Scale bar = 100 μm: ** p < 0.01 Fig. 2 Retinal ganglion cell analysis. Histogram representing the number of RGCs (RGCs/mm 2 ) in wild type (blue) and OPN knock-out (red) mice at two different ages: 3-and 20-months-old: *** p < 0.001 appears to need OPN to survive, and thus, these cells could be rescued by OPN.
The neuroprotective properties of OPN might be associated with an integrin-linked kinase and CD44 signaling. Integrin receptors trigger Akt and FAK activation, which stimulates the phosphoinositide 3-kinase pathway that is in turn directly associated with cleaved-caspase-3 inhibition and anti-apoptotic cell death [44] . This has been demonstrated in the developing brain using an integrin antagonist that attenuates the neuroprotective effect of OPN [46] . In addition, OPN treatment of cortical neuron cultures causes an increase in Akt and p42/ p44 mitogen-activated protein kinase phosphorylation, again consistent with OPN induced neuroprotection [42] . OPN can also upregulate the phospho-Akt, cyclin D1 and phospho-Rb content of cells, subsequently enhancing the proliferation of neural progenitors in the presence of fibroblast growth factor 2 [47] . Moreover, OPN can also protect against toxicity by decreasing glial cell activation [48] .
OPN is also necessary for a subpopulation of astrocytes, as we find that astrocytes are absent from some areas of the retina in the OPN knock-out mice. The reduction in the surface area occupied by astrocytes could be a consequence of OPN's role in cell adhesion, migration and survival, and its influence on the metabolic activity of astrocytes [1] . The influence of OPN on the survival of astrocytes has been demonstrated in glioblastoma, with OPN secreted by stromal astrocytes conferring them resistance to radiation [49] . In addition, only astrocytes that express OPN survive after ischemic injury in the brain, because OPN is involved in calcium precipitation and it allows astrocytes to participate in the phagocytosis of calcium deposits [50] . Therefore, the lack of OPN could make some subpopulations of astrocytes more sensitive to cell death than others. This astrocyte heterogeneity has also been demonstrated in relation to other issues [18, 51] , and these cells could be implicated in different pathways of neuroprotection.
We also found that the distribution of astrocytes and the RGC density in the 3-month-old OPN knock-out mice is similar to that found in 20-month-old wild type mice. This could indicate that the absence of OPN induces premature aging in the retina. In aged rats, there is an increase in GFAP protein, although astrocytes are less numerous and have distorted morphologies, with shorter and fragmented branches [52] . Indeed, the astrocytes in the aging rat retina are very similar in appearance to those found in the OPN knock-out mouse retina [53, 54] . The lack of astrocytes and RGCs is more evident in the peripheral areas of the retina than in the central areas. This is consistent with descriptions that the peripheral retina is more sensitive to damage such as experimental glaucoma, where more RGC death has been described [55] [56] [57] . Since the loss of astrocytes is very dramatic in peripheral areas of younger animals (3-month-old animals) and it is maintained along the animal's life (20-month-old animals), the reduction in the number of RGCs takes place progressively during the animal's life, indicating that RGC cell death could be secondary to the astrocyte death.
Although there are signs of degeneration in the OPN knock-out retinas, there were no signs of activation in microglial cells, such as migration to the subretinal space from the inner parts of the retina [58] or a change in their morphology to amoeboid microglia [59] . This is consistent with what is seen in the brain, where no sign of microglia activation has been found in OPN-deficient mice [6] . Although the number of microglial cells increases in aged retinas [60] , as evident in 20-month-old retinas, there are no differences between knockout and wild type retinas. Microglia undergo morphological changes with age, with gradually larger cell bodies, as well as progressively shorter and thicker cell processes [36] . However, the microglia in the OPN knock-out retinas do not show signs of aging relative to the wild type retinas. OPN could be synthesized de novo by activated microglia in response to retinal neurodegeneration [13] , and OPN can activate amoeboid transformation, phagocytosis, and the motility of the microglia [61] . Thus, the lack of OPN could prevent the shift of microglia to an amoeboid phenotype and there acquisition of migratory capacity.
A characteristic pattern of OPN may be found in Müller cells of control retinas [62] and through its presence in the secretome of Müller cells [31] . Thus, Müller cells can express and secrete OPN in response to GDNF (glial cellderived neurotrophic factor) and this OPN exerts a direct effect on the survival of photoreceptors, possibly stimulating Müller cells to overexpress other cytokines with neuroprotective activity [30] . The neuroprotective effects of OPN may be in part mediated by preventing cytotoxic Müller cell swelling, as well as by the release of VEGF (vascular endothelial growth factor) and adenosine from Müller cells [63] . There are no apparent changes in the Müller cells of the retina in OPN knock-out and thus, OPN may not be necessary for the survival of Müller cells, although it could affect their response to cell damage.
In OPN knock-out mice, there is a decrease in RGC density and a reduction of the surface area occupied by astrocytes. Peripheral areas of the retina seem to be more sensitive to damage than central areas and these changes become more prominent with age. Moreover, the density of RGCs and astrocytes in the retina of 3-month-old OPN knock-out mice is very similar to that in the 20-month-old wild type mice. These results suggest that the lack of OPN may induce premature aging. However, microglia and Müller cells seem not to be affected by the lack of OPN, at least not when only aging is considered and the retina suffers no damage. Thus, OPN could be a candidate molecule to develop treatments to combat neurodegenerative disease and astrocytes may represent a specific target of interest in such circumstances.
